Axons in the vertebrate nervous system only expand beyond ϳ1 m in diameter if they become myelinated. This expansion is due in large part to the accumulation of space-filling cytoskeletal polymers called neurofilaments, which are cargoes of axonal transport. One possible mechanism for this accumulation is a decrease in the rate of neurofilament transport. To test this hypothesis, we used a fluorescence photoactivation pulse-escape technique to compare the kinetics of neurofilament transport in contiguous myelinated and unmyelinated segments of axons in long-term myelinating cocultures established from the dorsal root ganglia of embryonic rats. The myelinated segments contained more neurofilaments and had a larger cross-sectional area than the contiguous unmyelinated segments, and this correlated with a local slowing of neurofilament transport. By computational modeling of the pulse-escape kinetics, we found that this slowing of neurofilament transport could be explained by an increase in the proportion of the time that the neurofilaments spent pausing and that this increase in pausing was sufficient to explain the observed neurofilament accumulation. Thus we propose that myelinating cells can regulate the neurofilament content and morphology of axons locally by modulating the kinetics of neurofilament transport.
Introduction
Two basic mechanisms by which animals increase axonal conduction velocity are to increase axonal caliber and to insulate axons by myelination (Waxman, 1980; Hartline and Colman, 2007) . Intriguingly, it has been known since the 1930s that in the vertebrate nervous system most unmyelinated axons do not exceed ϳ1 m in diameter, whereas most myelinated axons grow much larger (Duncan, 1934; Matthews, 1968; Matthews and Duncan, 1971) , and this relationship is also recapitulated in cell culture (Windebank et al., 1985) . Moreover, when myelinated axons in the CNS or PNS are unmyelinated along part of their length, axonal crosssectional area is reduced locally in the unmyelinated segments (Bray et al., 1981; Pannese et al., 1988; Witt and Brady, 2000) . Thus, the expansion of axonal caliber during development is dependent on myelination and this appears to be a local effect.
The principal determinants of the expansion of axonal caliber in vertebrates are neurofilaments, which are the intermediate filaments of nerve cells (Cleveland et al., 1991; Hoffman, 1995; Perrot and Eyer, 2010) . The space-filling properties of neurofilaments are maximized by side-arm projections which protrude from the polymer backbone and function to keep adjacent neurofilaments at arm's length (Hisanaga and Hirokawa, 1988; Mukhopadhyay et al., 2004) . Morphometric studies have established a direct correlation between neurofilament number and axonal cross-sectional area, and in large axons these space-filling polymers occupy most of the axonal volume (Friede and Samorajski, 1970; Friede et al., 1971; Hsieh et al., 1994; Nixon et al., 1994; Sanchez et al., 1996 Sanchez et al., , 2000 . Axons in mutant animals that lack neurofilaments fail to develop normal caliber and exhibit reduced conduction velocities (Sakaguchi et al., 1993; Perrot et al., 2007; Zhu et al., 1997) .
Despite their structural role, neurofilaments are also cargoes of axonal transport. These polymers move rapidly in both anterograde and retrograde directions, but their net velocity is slow because they spend most of their time pausing (Brown, , 2003 Roy et al., 2000; Wang et al., 2000; Brown et al., 2005) . Thus, the balance of movements and pauses determines the average velocity and, consequently, the total residence time of these polymers in the axon. In a series of papers published in the 1980s, Hoffman and colleagues proposed that the radial expansion of axons during development and regeneration is caused in part by a slowing of neurofilament transport (Hoffman et al., 1983 , 1984 , Hoffman et al., 1985a . According to this hypothesis, a decrease in the velocity of neurofilament transport would be expected to cause neurofilaments to accumulate, leading to an expansion of axonal caliber, perhaps analogous to the increase in traffic density on a highway when the speed of the vehicles slows. To test this hypothesis, we have analyzed the kinetics of neurofilament transport in long-term myelinating cocultures from rat dorsal root ganglia using live-cell imaging.
Materials and Methods
Cell culture. Mixed cocultures of Schwann cells and DRG neurons were established from E16.5 rat embryos according to the method of Fex Svenningsen et al. (2003) with some modifications, as described by Monsma and Brown (2012) . Briefly, the cells were trypsinized, dissociated by trituration, and plated onto glass-bottomed dishes coated with poly-Dlysine and Matrigel (BD Biosciences) at a density of 2000 -12,000 cells/ cm 2 . The cultures were maintained at 37°C/5%CO 2 in Neurobasal medium supplemented with 2% B27 supplements (Invitrogen Life Technologies), 2 mM L-glutamine, and 100 ng/ml nerve growth factor (BD Biosciences). Five days after plating the cells, the medium was replaced with fresh medium containing a 1:100 dilution of Matrigel, and 3 d later, half of this medium was removed and replaced with fresh medium containing 50 g/ml ascorbic acid. The cultures were maintained for up to 3 months, replacing half the medium with fresh medium containing 50 g/ml ascorbic acid every 2-3 d, with a full medium change once each week.
Constructs and transfection. The pmCherry expression construct was obtained by subcloning mCherry (Shaner et al., 2004) in place of the EGFP sequence in pEGFP-C1 (Clontech; Alami et al., 2009 ). The pEGFPrat neurofilament M expression construct (pEGFP-NFM) has been described by Wang et al. (2000) . The cultures were cotransfected with pmCherry and pEGFP-NFM (ratio 0.3:1) after 4 -6 weeks in culture using Lipofectamine 2000 (Life Technologies) cationic lipid reagent in Opti-MEM medium (Life Technologies) according to the manufacturer's instructions. Fortuitously, we found that neurons were transfected under these conditions, whereas Schwann cells were not. The neuronal transfection efficiency was low (typically ϳ6 -12 neurons per dish), but this was not a problem because each neuron formed an extensive axonal arbor.
Staining with FluoroMyelin Red. The use of FluoroMyelin Red as a vital stain for live imaging of myelin has been described by Monsma and Brown (2012) . FluoroMyelin Red in aqueous solution was purchased from Invitrogen (Life Technologies, catalog #F34652, lot no. 23512W) and stored in the dark at 4°C. To stain the cultures, we first removed the culture medium and rinsed once with observation medium consisting of a low fluorescence formulation of Hibernate-EB medium (Hibernate-EB LF; BrainBits) supplemented with 100 ng/ml 2.5 S nerve growth factor. We then added fresh observation medium containing FluoroMyelin Red (1:300 dilution) and placed the cultures in an incubator at 37°C with atmospheric CO 2 . After 2 h, we withdrew the medium and replaced it with fresh observation medium lacking FluoroMyelin Red.
Inhibition of glycolysis. To inhibit glycolysis, we first stained with FluoroMyelin Red and then replaced the observation medium with fresh observation medium containing 2 mM sodium iodoacetate (SigmaAldrich), which is an inhibitor of glyceraldehyde-3-phosphate dehydrogenase (Schmidt and Dringen, 2009 ). Pulse-escape experiments were performed in the presence of the inhibitor 13-100 min after the start of the treatment.
Microscopy and imaging. Cells were observed in observation medium by epifluorescence, phase contrast or differential interference contrast microscopy on a TE2000 inverted microscope (Nikon Inc.) using a Nikon 40ϫ/1.0 NA Plan Apo oil-immersion objective. For epifluorescence, we used ET-EGFP and ET-mCherry filter sets (filter set numbers 49002 and 49008, respectively; Chroma Technology), and a custom-made FluoroMyelin Red filter set consisting of a D450/40 bandpass exciter, a 505dcxr dichroic mirror, and an E610LPv2 long-pass emission filter (Chroma Technology). The temperature on the microscope stage was maintained using an Air Stream Incubator (Nevtek). A layer of dimethylpolysiloxane fluid (Sigma, 5 centistokes) was floated over the observation medium to prevent evaporation. For live fluorescence imaging, the epi-illumination from the mercury arc lamp was attenuated 4-fold or 10-fold using neutral density filters, and images were acquired using a CoolSNAP HQ cooled CCD camera (Roper Scientific) and MetaMorph software (Molecular Devices).
Photoactivation. PAGFP (photoactivatable GFP) was photoactivated in user-defined regions of interest by illumination with violet light for 5-30 s using a Mosaic Digital Diaphragm (Andor Technology) equipped with a mercury arc lamp light source (Olympus America) and controlled using the Targeted Illumination drop-in in the MetaMorph software. The Digital Diaphragm illumination was introduced into the epi-illumination light path using a dichroic mirror that transmits in the violet spectrum (385-450 nm), and the light was directed to the specimen using a 495 nm long-pass dichroic mirror (Chroma Technology) in the microscope filter turret. The axial length of the activated regions along the axons was 10 m.
Measurement of fluorescence intensities. The intensity of the activated PAGFP fluorescence was measured using MetaMorph software. A rectangular region of interest (ROI-1) was drawn manually around a segment of axon, encompassing its entire width. Additional flanking regions (ROI-2 and ROI-3) were drawn in the background on either side of the axon, taking care to avoid other fluorescent material or cells. The contribution of the background fluorescence to ROI-1 was calculated by multiplying the average pixel intensity in ROI-2 and ROI-3 by the area of ROI-1, and then this value was subtracted from the total fluorescent intensity in ROI-1 to yield the background-corrected intensity. The resulting background-corrected intensities were corrected for photobleaching. To calibrate the rate of photobleaching, we acquired images of the photoactivated PAGFP fluorescence in rapid succession and then quantified the fluorescence decay. The photobleaching kinetics were exponential, with a 1% loss per second of exposure using 4-fold attenuation of the exciting light and a 0.4% loss per second of exposure using 10-fold attenuation of the exciting light (data not shown).
Measurement of axonal caliber. Axon diameter was measured in live images of the GFP-tagged neurofilament protein fluorescence by creating linear intensity profiles along lines perpendicular to the axis of the axons, and then measuring the width of the profiles at half-height to the nearest pixel. For each myelinated or unmyelinated axonal segment, we calculated an average diameter from measurements made at a minimum of three independent locations. Cross-sectional areas were calculated from the average diameters by assuming that the axons were cylindrical in shape.
Mathematical modeling. In this section we describe how we deciphered the neurofilament transport kinetics from the fluorescence decay kinetics in the pulse-escape experiments. The underlying model comprises six states (shown below in Fig. 7B ): two states (a and r) in which the neurofilaments move either anterogradely or retrogradely, two states (a 0 and r 0 ) in which the anterogradely and retrogradely moving neurofilaments pause briefly, and two states (a p and r p ) in which the anterogradely and retrogradely moving neurofilaments pause for an extended time. We refer to the moving and short-term pausing states as "on-track" and the long-term pausing states as "offtrack" (Trivedi et al., 2007) .
The set of equations describing this model are given by
where the distribution of neurofilaments in the states "x" are denoted by x . At steady state, the proportions of the neurofilaments in each kinetic state are given by
where q 1 ϭ ␥ 10 /␥ 01 , q 2 ϭ ␥ off /␥ on , and q 3 ϭ ␥ ar /␥ ra .
The average velocity of the neurofilaments is determined by the balance of time spent in the anterograde and retrograde moving states 
where v a and v r are the velocities of neurofilaments in the anterograde and retrograde moving states, respectively. This average velocity can be interpreted either as the velocity of one neurofilament averaged over a long time (time average), or as the average velocity of a large number of neurofilaments at a single point in time (ensemble average).
We have shown previously ) that the average on-track and off-track pause durations ͳT off ʹ and ͳT on ʹ are given by
To extract the rate constants of our model from the pulse-escape experiments, we simulate a pulse-escape experiment. Initially, all neurofilaments within a window of size a are photoactivated. At this time, the activated neurofilaments are distributed over their kinetic states according to Equations 2. Subsequently, the neurofilaments leave the activation window, anterogradely and retrogradely, with a net flux given by a v a Ϫ r v r . The initial decline of the fluorescence Q, normalized to unity at t ϭ 0, then reads
which can be written as
Published measurements of the average velocities of neurofilaments in their mobile states have ranged from 0.38 m/s to 0.53 m/s for v a and from Ϫ0.49 m/s to Ϫ0.60 m/s for v r Wang and Brown, 2001; Uchida and Brown, 2004; Alami et al., 2009; Uchida et al., 2009) . For the purposes of this analysis, we assume v a ϭ 0.5 m/s and v r ϭ Ϫ0.5 m/s, which simplifies the expression for the decline of the fluorescence given in Equation 6 to
where ␣ is the initial slope and is proportional to the average velocity. Once those neurofilaments that are initially in the mobile or short-term pausing states have left the window (which takes minutes), the population in the activated region shifts to one that is largely immobile and therefore not distributed according to Equations 2 anymore. Hence the rate of fluorescence decay slows down, and is now dictated largely by the transitions of photoactivated neurofilaments to the mobile states from the immobile states. Neglecting reversals, which are very infrequent on the time scale of our pulse-escape experiments (Brown et al., 2005) , we expect that the fluorescence decay at long times will be exponential, i.e., Q(t)/Q(0) ϰ exp(Ϫ␥ d t), with a rate constant given by
where
To decipher the rate constants we first read off the initial slope ␣ and the long-term exponential decay rate ␥ d from the pulse-escape decay curves, then constrain ␥ on and ␥ off for a given set of ␥ 01 and ␥ 10 using Equations 7 and 8, then simulate a pulse-escape experiment by solving Equations 1 numerically, and finally identify the values of ␥ 01 and ␥ 10 that provide the best match to the experimental data.
To relate the pulse-escape kinetics of neurofilaments in the myelinated and unmyelinated axonal segments to the relative neurofilament content, we denote the average number of neurofilaments (per axonal crosssection) in the myelinated and unmyelinated segments by N m and N u , respectively, and the corresponding average velocities by v m and v u . If the neurofilament distribution is at steady state (i.e., no temporal changes in neurofilament content), then N u v u ϭ N m v m . Thus, the observed increase in neurofilament content for the myelinated segments relative to the unmyelinated segments, (N m Ϫ N u )/N u , can be related to the average velocities by
Results

Myelinating cultures
To investigate the role of neurofilament transport in the myelination-dependent expansion of axon caliber, we established long-term myelinating cocultures of Schwann cells and neurons from E16.5 rat dorsal root ganglia. Figure 1 shows phase contrast images of a typical culture. Myelination is initiated by the addition of ascorbic acid, which is a cofactor in collagen biosynthesis (Eldridge et al., 1987) . Before the addition of ascorbic acid, the Schwann cells proliferate rapidly and have a spread morphology. After adding ascorbic acid, the Schwann cells assume a more spindle-shaped morphology and ensheath the axons. Segments of compact myelin first appear along the axons ϳ2 weeks later and continue to increase in number for at least 6 -8 weeks (Monsma and Brown, 2012) . When axons are myelinated in vivo, the myelination is typically continuous, with each myelinated segment separated from the next by a node of Ranvier. In contrast, myelination in cell culture is often discontinuous, resulting in isolated myelinated segments flanked by unmyelinated segments (Eldridge et al., 1987; Monsma and Brown, 2012) . In the present study we took advantage of this discontinuity to compare the morphology, neurofilament content, and neurofilament transport kinetics in contiguous myelinated and unmyelinated segments along single axons. In this way we were able to control for cell-to-cell variation in neurofilament expression and transport kinetics. This is important in DRG cultures because they are a heterogeneous cellular population, even when cultured in the presence of a single growth factor (nerve growth factor in our experiments; Hall et al., 1997).
Axon caliber and neurofilament content
To confirm that myelinated axons in these cultures accumulate neurofilaments and expand in caliber, we transfected neurons with GFP-tagged neurofilament protein M by lipofection after 4 -6 weeks in culture. Fortuitously, we found that lipofection transfected the neurons but not the Schwann cells (Monsma and Brown, 2012) . Six to 7 d later, after allowing time for the fusion protein to incorporate into neurofilaments and be transported into the axons, we performed live-cell imaging using FluoroMyelin Red to detect compact myelin (Monsma and Brown, 2012) . Figure 2A -C shows contiguous myelinated and unmyelinated segments along an axon expressing GFP-tagged neurofilament protein M. We found that the axons were generally slightly brighter and slightly thicker in the myelinated axonal segment compared with the contiguous unmyelinated segment. To quantify this, we measured axon width and neurofilament intensity in contiguous myelinated and unmyelinated segments along 44 axons ( Fig. 2D-G) . There was considerable variation between axons, but 89% (n ϭ 39) were brighter and fatter in the myelinated segment compared with the contiguous unmyelinated segment, and the other 11% (n ϭ 5) of axons were the same or only slightly less. On average, the myelinated axonal segments were 42% brighter compared with contiguous unmyelinated segments, and the diameter was 20% greater, which corresponds to an increase in the cross-sectional area of 45%. While these differences are small compared with the neurofilament accumulation and axonal expansion observed for myelinated axons in vivo, statistical analysis using a paired t test revealed a high degree of confidence ( p ϭ 1 ϫ 10 Ϫ12 and p ϭ 9 ϫ 10 Ϫ13 , respectively). Thus, neurofilaments accumulate locally within most myelinated axonal segments in these cultures, and this correlates with a local expansion of axonal caliber.
Neurofilament transport kinetics
To test the hypothesis that local neurofilament accumulation in myelinated axonal segments is caused by a local slowing of neurofilament transport, we analyzed the kinetics of neurofilament transport using a fluorescence photoactivation pulse-escape technique (Trivedi et al., 2007; Alami et al., 2009;  Fig. 3 ). Myelinating cocultures were cotransfected with photoactivatable neurofilament fusion protein (PAGFP-NFM) and mCherry after 4 -6 weeks in culture. The mCherry is a diffusible red fluorescent protein which served as a marker of transfection, allowing us to trace the axons of transfected cells before photoactivation. Four to 6 d after transfection, we performed pulse-escape analyses in contiguous myelinated and unmyelinated axonal segments. To ensure that the fluorescent filaments departing from one activated region did not contribute significantly to the other, we spaced the two activated regions at least 0.75 field of view (ϳ500 m) apart. In control experiments we found that there was no measurable increase in the axonal fluorescence this distance from the activated regions, and this was also consistent with predictions using computational simulations (data not shown). This is expected because the neurofilaments that leave the activation window become widely dispersed along the axon both proximal and distal to the activated region due to their stochastic and intermittent movement (Brown et al., 2005) . Figure 4 shows a representative pulse-escape experiment. As expected, the intensity of the activated fluorescence was higher in the myelinated axonal segment (Fig. 4F ) compared with the contiguous unmyelinated segment (Fig. 4E) due to the local accumulation of neurofilaments in the myelinated region. Over time, the departure of neurofilaments from the activated regions resulted in a smearing of the fluorescence in both proximal and distal Note that the axon appears brighter and slightly thicker in the myelinated segment. Scale bar, 12.5 m. D, E, Scatter plots of the fluorescence intensities (D) and the cross-sectional areas (E) of contiguous myelinated and unmyelinated axonal segments. Data from 44 axons in five different dishes from three separate cultures ranging from 28 to 40 d in vitro. The cross-sectional areas were estimated from the axon widths, assuming a cylindrical shape. The fluorescence intensities are a relative measure of the neurofilament content. The diagonal dashed lines represent the predicted slopes assuming no difference between the myelinated and unmyelinated segments. F, G, Histograms of the fluorescence intensity ratios (F ) and the axonal crosssectional area ratios (G) calculated from the data in D and E. The vertical dashed lines mark a ratio of 1, which would indicate no difference between the myelinated and unmyelinated segments. The myelinated axonal segments exhibited a 42% greater neurofilament content ( p ϭ 1 ϫ 10 Ϫ12 , paired t test, n ϭ 44) and a 45% greater cross-sectional area ( p ϭ 9 ϫ 10 Ϫ13 , paired t test, n ϭ 44) compared with their contiguous unmyelinated axonal segments.
directions, which is consistent with previous observations in cultured neurons that neurofilament transport is bidirectional Brown, 2001, 2010; Uchida and Brown, 2004; Alami et al., 2009; Uchida et al., 2009 ). However, the loss of fluorescence from these activated regions was faster in unmyelinated segments compared with contiguous myelinated segments ( Fig. 4G-R) .
To quantify the pulse-escape kinetics, we measured the fluorescence intensities of the activated regions for a cohort of 15 axons that were imaged at ϳ15, 30, 60, 90, and 120 min after photoactivation. Figure 5A -F shows six examples. There was considerable variability in the kinetics, which may reflect the heterogeneity of neuronal cell types within these cultures. However, in all cases the decay curves were biphasic and could be fitted with a double exponential decay function, as described previously for cultured neurons from both superior cervical and dorsal root ganglia (Trivedi et al., 2007; Alami et al., 2009) . Given the variability in the kinetics, we performed a pairwise statistical analysis, comparing each myelinated segment with the contiguous unmyelinated segment along the same axon. On average, the decay was faster in the unmyelinated segments than in the contiguous myelinated segments, and this difference was statistically significant at all time points (Fig. 5G) . Thus, neurofilaments departed the activated regions more slowly in myelinated axonal segments than in contiguous unmyelinated axon segments along the same axons, and this suggests a local slowing of neurofilament transport in the myelinated segments. Treatment of the axons with 2 mM iodoacetate, which is an inhibitor of glycolysis, abolished the loss of fluorescence from the activated regions completely, confirming that the fluorescence decay is due to active transport and that there is no measurable pool of diffusible neurofilament protein in these axons (Trivedi et al., 2007; Fig. 6 ).
Computational analysis
We have shown previously that the biphasic kinetics of departure of neurofilaments from the activated regions in pulse-escape experiments are indicative of distinct long-term and short-term pausing states (Trivedi et al., 2007) . The initial more rapidly declining phase reflects the loss of neurofilaments that are in the short-term on-track pausing states at the time of activation, whereas the later, more slowly declining phase reflects the mobilization of neurofilaments in the long-term off-track pausing states. Thus, at early times the decay reflects a combination of the on-and off-track kinetics, whereas at later times, the decay is dominated by the off-track kinetics (see Materials and Methods). The myelin sheath appears purple in B because of FluoroMyelin Red cross talk on the mCherry channel. C, D, The PAGFP-NFM fluorescence (green) and FluoroMyelin Red fluorescence (red) before activation. E, F, The PAGFP-NFM fluorescence (green) and FluoroMyelin Red fluorescence (red) immediately after activation (t ϭ 0 min). We avoid mCherry cross talk on the FluoroMyelin Red channel by using a custom filter which excites the FluoroMyelin Red with blue light, taking advantage of this dye's unusually large Stoke's shift (Monsma and Brown, 2012) . Note that the activated PAGFP-NFM fluorescence is brighter in the myelinated segment than in the unmyelinated segment, which is indicative of neurofilament accumulation. G-R, Images of the PAGFP-NFM fluorescence at t ϭ 0, 15, 30, 60, 90, and 120 min after photoactivation. Note that a smaller fraction of the PAGFP fluorescence departs from the myelinated segment over time, indicating that the velocity of neurofilament transport is retarded. Scale bar, 15 m.
In principal, the neurofilament content of axons is dependent on the rates of synthesis, degradation, and transport. In the absence of significant synthesis or degradation of neurofilaments within these axons, local changes in transport velocity must result in local changes in neurofilament content. For example, a local increase in the velocity would result in a local decrease in the average residence time in that region and thus a local depletion of neurofilaments. Conversely, a local decrease in the velocity would result in an increase in the residence time and thus a local accumulation of neurofilaments. To determine whether the difference in the pulse-escape kinetics between contiguous myelinated and unmyelinated axonal segments can explain the neurofilament accumulation in the myelinated segments, we used the approach described in Materials and Methods to fit the averaged experimental data in Figure 5G with our model, constraining the optimization according to Equation 10 to yield the smallest total error that was consistent with the observed 42% increase in neurofilament content, i.e., (N m Ϫ N u )/N u ϭ 0.42. Figure 7A shows that the resulting simulated pulse-escape curves produce an excellent match to the data, Figure 7B shows a schematic of the six-state model of neurofilament transport that was used for these simulations, and Figure 7C shows the optimized values for the rate constants ␥ 01 , ␥ 10 , ␥ on , and ␥ off. The optimization does not yield values for the reversal rate constants ␥ ar and ␥ ra because the pulse-escape technique is blind to the direction of neurofilament movement (we track only the loss of fluorescence from the activated regions, not the direction of departure). The on-track rate constants ␥ 01 and ␥ 10 were ϳ30% lower in the myelinated segments compared with the unmyelinated segments, whereas ␥ on was ϳ25% lower and ␥ off was ϳ20% higher. Knowing the values for these rate constants, we can use the solutions to our model in Equations 2-4 to predict the differences in the kinetic behavior of neurofilaments in myelinated and unmyelinated segments. Figure 7D shows that the fraction of neurofilaments pausing off-track was 15% larger in the myelinated segments and the average pausing time ͳT off ʹ was 33% larger. As a consequence, the mobile fraction of neurofilaments ("% moving") was 28% smaller in the myelinated segments. In addition, the average pausing time of on-track neurofilaments ͳT on ʹ was 44% longer in the myelinated segments. Thus, the local accumulation of neurofilaments in the myelinated axonal segments can be explained by an increase in the on-track and off-track pausing.
To calculate the average transport velocity, we need to know the balance of anterograde and retrograde movements, as seen in Equation 3. Presently this is not possible in myelinating cultures because the high neurofilament content of the axons precludes tracking single neurofilaments. However, if we assume that the filaments spend 69% of the time moving anterogradely, based on our live-cell imaging studies in cultured rat sympathetic neurons (Wang and Brown, 2001 ), we can estimate using Equation 3 that the average transport velocity in our myelinating cultures would be 0.22 mm/d in the unmyelinated segments and 0.16 mm/d in the myelinated segments. These velocities are in the range re- ported for slow axonal transport of neurofilaments in peripheral nerves in vivo ).
Discussion
We have used myelinating cocultures to investigate the relationship between neurofilament transport and axon caliber. We found that the axons in these cultures expand locally in regions where they are myelinated and that this radial expansion correlates with a local accumulation of neurofilaments and a local slowing of neurofilament transport. These findings suggest that Schwann cells can signal locally to axons to slow neurofilament transport, leading to a local accumulation of these polymers and a local expansion of axonal caliber. Thus, our data demonstrate that myelinating cells can modulate axonal morphology by locally regulating neurofilament transport (Fig. 8) .
Our data do not address the mechanism by which myelinating glia regulate neurofilament transport, but one possibility is phosphorylation of the tail domains of neurofilament proteins M and H, which form the neurofilament side-arms. Phosphorylation of these domains is upregulated in axons upon myelination (Nixon et al., 1994; Sanchez et al., 1996 Sanchez et al., , 2000 Starr et al., 1996) , correlates with a slowing of neurofilament transport during development (Watson et al., 1989; Archer et al., 1994; Yabe et al., 2001; Jung and Shea, 2004) , and has also been reported to increase neurofilament pausing in cultured neurons (Ackerley et al., 2000 (Ackerley et al., , 2003 . Phosphorylation of these domains also increases the extensibility of neurofilament side-arms in vitro (Aranda-Espinoza et al., 2002; Kumar and Hoh, 2004; Zhulina and Leermakers, 2007a, b) and correlates with an increase in the spacing between neurofilaments in axons (de Waegh et al., 1992; Martin et al., 1999) . Thus, neurofilament phosphorylation may contribute to Figure 5G . The data for the myelinated and unmyelinated segments are represented by the closed and open symbols, respectively. The curves represent optimized computational simulations constrained to match the 42% increase in neurofilament content in the myelinated segments (Fig. 2) . B, Schematic of the six-state model of neurofilament transport from Jung and Brown (2009) showing the rate constants that govern the transitions between the moving and pausing states. C, Table of the rate constants for the optimized simulations that are shown in A. D, Table of the kinetic predictions of the model based on the optimized rate constants, calculated using the expressions in Equations 2-4 in Materials and Methods. For simplicity, this diagram shows a single Schwann cell. I, Initially, the unmyelinated axon is ensheathed by the Schwann cell. II, After the Schwann cell begins to myelinate the axon, it signals to the axon via a paracrine or juxtacrine (i.e., contactdependent) mechanism to slow down neurofilament transport by increasing the proportion of the time that the neurofilaments spend pausing. When neurofilaments enter the myelinated axonal segment from the flanking unmyelinated segments, this increases their residence time in that portion of the axon, causing them to accumulate locally, much as the traffic density on a highway increases when the speed of the vehicles slows. This local accumulation of neurofilaments drives a distension of the axonal plasma membrane due to the space-filling properties of these polymers, resulting in an expansion of axonal cross-sectional area. III, The stronger the signal the more extensive the slowing, and consequently the greater the extent of axonal expansion. The vertical dashed lines indicate the location of two cross-sectional views. The gray dots within the axonal cross-sections represent neurofilaments, which are more numerous in the myelinated segment. As the axon matures, we assume that there must be a feedback loop that ensures that the average velocity of neurofilament transport does not continue to decrease once the axon has reached the desired caliber. In the mature axon the number of filaments entering the myelinated segment would be expected to be balanced exactly by the number leaving, establishing a stable, steady-state morphology for that portion of the axon. In this way, myelinating cells may regulate axonal morphology by locally modulating the kinetics of neurofilament transport.
the expansion of axonal caliber in two ways, by increasing both the number and space-filling properties of these polymers. However, the role of neurofilament phosphorylation in the regulation of neurofilament transport and spacing in vivo is controversial and remains unresolved (Shea et al., 2003; Yuan et al., 2006; Garcia et al., 2009; Barry et al., 2012) .
To act locally, we assume that any signaling by myelinating cells to slow neurofilament transport must be juxtacrine (i.e., contact dependent) or paracrine in nature. There is extensive local and bidirectional signaling between Schwann cells and axons that is critical for the regulation of myelination and for the metabolic (and possibly also trophic) support of axons, although many of the signaling pathways involved are not well understood (Nave and Trapp, 2008; Pereira et al., 2012) . Myelin-associated glycoprotein (MAG) is a possible candidate for transducing signals that might regulate the radial expansion of myelinated axons. MAG is a transmembrane protein that is expressed exclusively in myelinating Schwann cells and is enriched in the adaxonal membrane where it could interact with axonal receptors (Schnaar and Lopez, 2009) . Axon caliber and the number, phosphorylation, and spacing of neurofilaments are all reduced in axons of MAG knock-out mice (Yin et al., 1998) , and MAG also stimulates the phosphorylation of the tail domains of neurofilament proteins M and H in PC12 cells and cultured DRG neurons (Dashiell et al., 2002) . However, MAG cannot be the full story because the average reduction in axonal caliber in MAG knock-out mice is Ͻ10%, which is a relatively modest change.
The number of neurofilaments in axons is determined not only by the kinetics of neurofilament transport but also by the rate of neurofilament synthesis in the soma (Hsieh et al., 1994; Hoffman, 1995) , and many studies have suggested that changes in neurofilament gene expression, transport, and packing density all contribute to the expansion of axon caliber (Hoffman et al., 1987; Muma et al., 1991; Hsieh et al., 1994; Nixon et al., 1994; Hoffman, 1995; Sanchez et al., 1996 Sanchez et al., , 2000 . However, changes in gene expression in the soma must affect the entire axon, so they cannot explain local changes in neurofilament number and axon caliber such as what we have observed in isolated myelinated axonal segments. Therefore, it seems likely that neurofilament gene expression sets the global baseline neurofilament content of axons, whereas changes in neurofilament packing density and transport velocity modulate neurofilament content locally to either increase or decrease the axonal caliber above or below that level. This is consistent with our data, which show that the baseline neurofilament content and caliber of the axons in our cultures varied widely, yet in almost all cases, myelination resulted in a further increase locally within the myelinated axonal segment (Fig. 2D) .
The earliest demonstration of the local effect of Schwann cells on axon caliber was obtained by Aguayo and colleagues using the Trembler mouse, which exhibits peripheral hypomyelination due to a mutation in the myelin protein PMP-22 (Aguayo et al., 1977; Suter et al., 1992) . By grafting sciatic nerve segments from Trembler mice into wild-type mouse sciatic nerves, these authors showed that local hypomyelination of axons resulted in a local decrease in caliber (Bray et al., 1981) . Subsequently, Brady and colleagues showed that this local decrease in axon caliber was accompanied by a local decrease in neurofilament phosphorylation and a local increase in neurofilament packing density, but also (using radioisotopic pulse-labeling) by a local decrease in the velocity of neurofilament transport and no decrease in neurofilament number (de Waegh and Brady, 1990, 1991; de Waegh et al., 1992) . This slowing of neurofilament transport in a region of hypomyelination is the opposite of what we would expect based on our present data. However, a somewhat different result was obtained using Shiverer mice, which lack CNS myelin due to a null mutation in the gene for myelin basic protein. Brady and colleagues showed that these mice exhibit changes in neurofilament phosphorylation and packing density similar to those observed in the Trembler nerve grafts, but also an increase in the velocity of neurofilament transport and a decrease in neurofilament number (Brady et al., 1999; Witt and Brady, 2000) . A decrease in neurofilament number has also been reported to accompany the decrease in axon caliber in hypomyelinated human sural nerve (Nukada and Dyck, 1984) . Partial rescue of the myelination defect in Shiverer mice by transgenic expression of myelin basic protein abolished the increase in neurofilament transport velocity (Brady et al., 1999) . A possible explanation for these data is that axons in the Trembler mice actually experience cycles of abortive myelination, whereas the axons in the Shiverer mice are never myelinated (Witt and Brady, 2000) . Thus, the glial signaling in Trembler nerves may be quite different from that encountered along unmyelinated axonal segments in our cultures. Regardless of the explanation, however, the complex phenotypes of these mutants do indicate that the transport and space-filling properties of neurofilaments can be regulated independently and that both can influence axonal caliber.
Our prior studies on the axonal transport of neurofilaments suggest a stop-and-go model in which the velocity of slow axonal transport is a temporal summation of rapid movements interrupted by prolonged pauses Brown et al., 2005; Trivedi et al., 2007; Jung and Brown, 2009) . According to this model, the average velocity of neurofilament transport is very sensitive to changes in both the directionality and pausing behavior of the filaments ). Our computational modeling of the pulse-escape kinetics indicates that the slowing of neurofilament transport in isolated myelinated axonal segments could be explained by a local increase in the average time spent pausing. However, a limitation of the pulse-escape approach is that it does not yield information about the directionality of neurofilament transport (see Results). Given the low frequency of neurofilament reversals observed in our prior livecell imaging studies (Uchida and Brown, 2004) , it is unclear if modulating reversals alone could produce a sufficiently localized accumulation of neurofilaments to explain our experimental data. To test this will require new experimental strategies that can quantify the directionality of neurofilament transport in axons that have abundant neurofilaments.
